Abstract Certain types of bariatric surgical procedures have proved not only to be effective with regard to treating obesity, but they also seem to be associated with endocrine changes which independently of weight loss give rise to remission of type 2 diabetes. Currently, it is speculated that surgical re-routing of nutrients triggers changes in the release of gastrointestine-derived hormones, which in turn cause amelioration of the diabetic state. The 'hindgut hypothesis' states that surgical re-routing of nutrients to the distal part of the small intestine results in increased secretion and concomitant glucose-lowering effects of glucagon-like peptide-1, whereas the 'foregut hypothesis' emphasises that surgical bypass of the foregut prevents the release of a hitherto unidentified nutrient-induced diabetogenic signal in susceptible individuals. Recent studies have shown that in patients with type 2 diabetes, glucagon is differentially secreted in response to oral and i.v. glucose, respectively, with lack of suppression (and initial net secretion) during oral glucose administration and a perfectly normal suppression during isoglycaemic i.v. glucose administration. These findings could point towards a role for glucagon or gut-derived glucagonotropic signalling as putative diabetogenic signals of the foregut hypothesis. In the present paper the hypotheses describing the glucoselowering mechanisms of bariatric surgical procedures sharing the common feature of a bypass of the duodenum and the proximal jejunum are outlined and a possible role for glucagon in these is proposed.
Introduction
Bariatric surgery has become the most effective therapeutic modality for the treatment of type 2 diabetes in overweight patients [1] . Besides the positive effect of weight loss on glucose metabolism, certain types of bariatric surgical procedures entail anatomical re-routing of nutrients through the gastrointestinal tract-a re-routing which in itself is thought to be the most significant contributor to postoperative resolution of the diabetic state. The present debate paper briefly outlines the present understanding of the 'acute' glucose-lowering effects associated with bariatric surgical procedures that involve bypass of the proximal part of the small intestine, and suggests an additional explanation of the current hypotheses.
Bariatric surgery: mechanisms of diabetes resolution
The Roux-en-Y gastric bypass (RYGB) procedure (Fig. 1 ) leads to resolution of the diabetic state in >80% of obese patients with type 2 diabetes [1] . Interestingly, the majority of patients undergoing bariatric surgical procedures which include a bypass of the duodenum and proximal jejunum, as opposed to, for example, laparascopic adjustable gastric banding (LAGB), where only a restrictive change is introduced, experience resolution of diabetes within days postoperatively long before the surgical procedure has caused any significant weight loss [1] . At present two hypotheses have been proposed to explain this rapid resolution of type 2 diabetes: the 'hindgut hypothesis' [2] and the 'foregut hypothesis' [3] . The former is based upon the ability of expedited delivery of ingested nutrients to the distal part of the small intestine to enhance the secretion of factors improving glucose metabolism; whereas the latter advocates the glucose-lowering effect to depend on exclusion of the duodenum and proximal jejunum from transit of nutrients.
The hindgut hypothesis
A number of facts lend support to the hindgut hypothesis. First of all a candidate molecule with immense blood sugarlowering power exists: glucagon-like peptide-1 (GLP-1). It is produced in mucosal endocrine L cells (found in the epithelium of the intestinal tract with highest density in the ileum) and secreted in response to nutrients in the intestinal lumen. GLP-1 has strong glucose-dependent insulinotropic properties and has been shown to enhance all steps of insulin biosynthesis as well as insulin gene transcription [4] . In addition, GLP-1 upregulates the genes for the cellular machinery involved in insulin secretion, such as the glucokinase and GLUT-2 (also known as SLC2A2) genes [5] . Importantly, GLP-1 also has trophic effects on beta cells: it stimulates beta cell proliferation, enhances the differentiation of new beta cells from pancreatic progenitor cells, and inhibits apoptosis of beta cells [6] . Furthermore, GLP-1 robustly inhibits glucagon secretion, and the combined effects on insulin and glucagon secretion result in inhibition of hepatic glucose production [7] . In addition, GLP-1 reduces appetite and gastrointestinal motility, lowering postprandial glucose excursions [8] . It is feasible that surgically induced expedited delivery of nutrients to the L cell-rich distal part of the small intestine increases postprandial GLP-1 responses and brings about GLP-1's [9] [10] [11] [12] .
The foregut hypothesis
In 1998 Hickey et al. [13] proposed the hypothesis that type 2 diabetes is due to excessive production of a 'diabetogenic' signal generated in the proximal part of the small intestine. Pories et al. [14] elaborated this hypothesis and proposed that bariatric surgical procedures that include a bypass of the duodenum and proximal jejunum would prevent ingested nutrients from eliciting a 'diabetogenic signal' from the proximal part of the small intestine and hence ameliorate the diabetic condition. Rubino and colleagues [3, 15] elaborated this hypothesis and named it the 'foregut hypothesis'. In the non-obese rat model of type 2 diabetes, the Goto-Kakizaki (GK) rat, Rubino and Marescaux performed duodenal jejunal bypass (DJB) operations and observed significant improvements in glucose tolerance compared with sham-operated rats, despite equal body weights [16] . In another study in GK diabetic rats, Rubino et al. investigated the foregut hypothesis and the hindgut hypothesis by comparing the results of DJB (testing the foregut hypothesis) and a simple gastrojejunostomy (GJ) that supposedly allows rapid delivery of nutrients to the distal part of the small intestine and at the same time preserved nutrient passage to the duodenum and proximal part of the small intestine (testing the hindgut hypothesis) [15] . The investigators confirmed that exclusion of the proximal small intestine is a critical component in the amelioration of the diabetic state after DJB in GK rats, and showed first that GJ, as opposed to DJB, was not able improve glucose tolerance, second that surgical exclusion of duodenal passage of nutrients in GK diabetic rats that had initially undergone GJ improved glucose tolerance, and finally that restoration of duodenal passage in animals initially operated with DJB made these animals return to a 'diabetic state'. Rubino and colleagues propose that when the foregut of susceptible individuals is overstimulated with carbohydrates and fat it releases an unknown factor which contributes to the development of type 2 diabetes [3, 15] . Following surgical bypass of the foregut, release of this putative diabetogenic signal is avoided, explaining the prompt resolution of type 2 diabetes (Fig. 1) . Studies from our group indicate that a possible candidate molecule for the putative diabetogenic signal in the foregut hypothesis may be a well-known diabetogenic hormone: glucagon.
Abnormal regulation of glucagon secretion in type 2 diabetes
Patients with type 2 diabetes display abnormal regulation of glucagon secretion, with high fasting plasma glucagon levels and lack of glucagon suppression, or even net secretion, following ingestion of glucose loads or meals [17] . Fasting hyperglucagonaemia sustains glucose overproduction in the liver, contributing to type 2 diabetic fasting hyperglycaemia, and lack of postprandial glucagon suppression in diabetic patients contributes to the exaggerated glucose excursions following oral ingestion of glucose or meals [18] . Furthermore, studies in first-degree relatives of patients with type 2 diabetes suggest that inappropriately controlled glucagon secretion plays a role in the early aetiology of type 2 diabetes [19] .
A surprising finding
The author of this paper has participated in the investigation of glucagon responses to OGGT and isoglycaemic i.v. glucose infusion (i.e. two situations with identical plasma glucose concentrations with and without glucose stimulation of the gastrointestinal tract) in different forms of diabetes (including type 2 diabetes) and in matched healthy control individuals [20, 21] . In healthy individuals glucagon responses during the two glucose stimuli are suppressed equally. In patients with diabetes, an expected lack of glucagon suppression during oral glucose is observed (in fact the patients exhibit an initial net secretion of glucagon), whereas, surprisingly, a completely normal suppression of glucagon occurs during isoglycaemic i.v. glucose administration bypassing the gastrointestinal tract. An Italian group have reported similar observations [22] and a German group have reported a less-pronounced version of the phenomenon in healthy individuals [23] . Owing to the isoglycaemic conditions during the two stimuli, it is unlikely that differences in blood glucose are the cause of the heterogeneic glucagon response. In the mentioned studies, most insulin was secreted in response to the OGTT, which therefore, contrary to the results, should lead to a more pronounced suppression of glucagon succeeding oral glucose. One explanation of the heterogeneic glucagon responses takes as its starting point the different method of administration of glucose, and suggests that intestinederived mechanisms elicited by the oral ingestion of glucose play a role in the inappropriate glucagon suppression in patients with diabetes. Such mechanisms would be bypassed during i.v. administration of glucose, explaining the perfectly normal suppression of glucagon during isoglycaemic i.v. glucose infusion in diabetic patients.
Even though hyperglucagonaemia has been known to be an important pathophysiological characteristic of type 2 diabetes for more than 30 years, the mechanisms underlying this pathophysiological trait remain obscure. In this paper it is proposed that (1) intestine-derived mechanisms are crucial for postprandial hyperglucagonaemia, and (2) part of the unidentified diabetogenic signal in the foregut hypothesis may be glucagon itself or one or more glucagonotropic signals released from the proximal part of the small intestine.
Does diabetic hyperglucagonaemia originate from the proximal gut?
It is well known that in many animals, such as the rat, dog and cat, the pancreas is not the only source of glucagon; in these animals glucagon has also been identified in the gastrointestinal tract [24] . Furthermore, glucagon has been shown to circulate after total pancreatectomy in man, and in these patients basal levels increase several fold following meals, suggesting gut-derivation [25] . In addition, studies on human gastrointestinal mucosa have revealed small amounts of glucagon [26] . In these studies a glucagon RIA directed against the C-terminus of the glucagon molecule (using an antibody with no cross-reaction with glicentin or oxyntomodulin) was employed. Thus, the thought that endocrine cells in the mucosa of the small intestine might secrete glucagon is not novel. However, whether diabetic hyperglucagonaemia stems from the gastrointestinal tract remains unknown.
Glucagon is a product of the proglucagon gene. Proglucagon is produced in pancreatic alpha cells and in endocrine L cells in the intestinal mucosa. In pancreatic alpha cells, post-translational processing of proglucagon by prohormone convertase 2 (PC2) results in glucagon, glicentin-related pancreatic peptide (GRPP) and major proglucagon fragment, of which glucagon seems to be the only biologically active peptide [27] . In the L cells, proglucagon is processed by prohormone convertase 1 (PC1). This processing results in the incretin hormone GLP-1, glucagon-like peptide-2 (GLP-2), which plays a central role in the regulation of small intestinal growth, and glicentin, which is most likely biologically inactive [28] . The glucagon sequence, together with GRPP, resides embedded in the glicentin peptide.
In healthy people the anatomically differentiated processing is sharply divided and follows the specific production of PC1 (L cells) and PC2 (alpha cells), respectively. L cells are predominantly located in the distal part of the small intestine [29] , but recent studies have shown that endocrine cells capable of producing both incretin hormones, glucosedependent insulinotropic polypeptide (GIP) and GLP-1, exist in the mammalian small intestine, including the human duodenum [30] . These pluripotent cells are only sparsely described in the literature.
Interestingly, in total PC1 deficiency in humans exaggerated postprandial glucagon responses have been observed [31] and in PC1-deficient mice the processing of proglucagon to GLP-1 and GLP-2 is significantly reduced, whereas plasma glucagon levels are increased [32] . These observations suggest that L cells are able to process proglucagon to glucagon, possibly by using PC2. This notion is supported by the finding that an L cell model, the GLUTag cell line, secretes glucagon in addition to GLP-1 [33] ; however, the mechanisms underlying this dual secretion pattern have not been established.
A shift from PC1 processing (GLP-1 production) to PC2 processing (glucagon production) in 'diabetic' proximal L cell-like cells would probably make these cells secrete glucagon at the cost of GLP-1 secretion, and, therefore, not only explains the postprandial hyperglucagonaemia in type 2 diabetes, but also another trait of the disease: postprandial hyposecretion of GLP-1 [34] . Thus, a changed processing of proglucagon in proximal small intestinal L cells might be the underlying basis of postprandial hyperglucagonaemia and postprandial hyposecretion of GLP-1, both considered to be significant contributors to the postprandial hyperglycaemia in type 2 diabetes. This hypothesis would allot glucagon itself a role in the puzzle of the unidentified diabetogenic factor in the foregut hypothesis.
Accordingly, it would be expected that bypass of the duodenum and proximal jejunum results in decreased glucagon secretion, which according to results of Shah et al. [18] would be expected to have a significant impact on diabetic glucose tolerance. However, glucagon secretion is affected by a number of gastrointestinal factors (see below) and the exact mechanisms behind changes in plasma glucagon concentrations are difficult to establish. Interestingly, a recently published longitudinal investigation has shown that fasting plasma glucagon is reduced progressively (up to 12 months) following RYGB [35] . Whether this change in baseline levels affects postprandial responses remains to be established. Nevertheless, in a cross-sectional study performed in three groups of obese women who had undergone either RYGB or LAGB or who acted as overweight controls, glucagon levels were found to be significantly reduced following a liquid meal (time point 180 min) in the RYGB group [36] . Furthermore, reduced glucagon responses to OGTTs have been observed in GK diabetic rats following DJB [37] . In line with these observations, reduced hepatic glucose production (or endogenous glucose production) has been reported in individuals treated with RYGB [38] . However, the available data on glucagon secretion following RYGB are sparse, and it should be emphasised that elevated glucagon levels have also been observed following RYGB [39] .
In addition to secretion of glucagon from intestinal endocrine cells, indirect intestine-derived mechanisms (elicited by glucose in the gastrointestinal tract and not by i.v. glucose) can be thought to be responsible for the hyperglucagonaemia in response to oral glucose.
Indirect intestine-derived mechanisms
As opposed to the glucagonostatic properties of GLP-1, the other incretin hormone, GIP, has been shown to stimulate pancreatic glucagon secretion [40] . Likewise, GLP-1's sister hormone, the other L cell hormone GLP-2, which is secreted in parallel (and in equimolar amounts) with GLP-1, has been shown to stimulate glucagon secretion from pancreatic alpha cells [41] . In healthy individuals one must assume that the glucagon-inhibiting effects of GLP-1 and insulin outweigh the glucagonotropic effects of GIP and GLP-2 following ingestion of nutrients, a disequilibrium resulting in glucagon suppression following ingestion of, for example, glucose. Changes in this (dis)equilibrium would inflict the level of glucagon suppression following oral glucose administration. Hence, lack of postprandial glucagon suppression in type 2 diabetes could theoretically be caused by increased postprandial secretion or glucagonotropic effects of GIP and/or GLP-2 on one scale pan and/ or by a reduced postprandial secretion or glucagonostatic effect of GLP-1 on the other side of the scale.
As mentioned, in some studies, postprandial levels of GLP-1 have been shown to be reduced in patients with type 2 diabetes compared with matched healthy control individuals [34] . Bearing GLP-1's glucagonostatic properties in mind this phenomenon would in itself be thought to contribute to a reduced suppression of postprandial glucagon secretion. However, hyposecretion of GLP-1 implies hyposecretion of its glucagonotropic sister peptide GLP-2; a hyposecretion which would be believed, to some extent, to counteract blunted GLP-1-induced glucagon suppression. Furthermore, in our studies showing the paradoxical regulation of glucagon responses to oral and isoglycaemic i.v. glucose no differences in GLP-1 responses to oral glucose between patients with type 2 diabetes and healthy volunteers were observed [20, 21] . Thus, reduced/exaggerated responses of GLP-1/GLP-2 (if any) in patients with type 2 diabetes do not seem to explain the lack of glucagon suppression following oral glucose in these patients.
Under normal circumstances GIP, which is secreted from endocrine K cells (predominantly located in the mucosa of the duodenum and proximal jejunum) in response to nutrient ingestion, exerts a strong glucose-dependent insulinotropic effect on pancreatic beta cells and has, like GLP-1, been shown to stimulate beta cell growth [42] . However, GIP administration has, unlike GLP-1 administration, been shown to enhance glucagon release in humans [43] . Thus, GIP appears to act like a double-edged sword with regard to blood sugar levels; on the one hand being able to reduce them (insulinotropic effect) and on the other hand being able to increase them (glucagonotropic effect); the latter most likely occurs during low blood sugar concentrations. Interestingly, human GIP has lost its insulinotropic power in type 2 diabetes [44] , leaving it as a primarily glucagonotropic hormone in these patients. What would be the anticipated effect of bariatric surgery on GIP secretion? Obviously, surgically introduced bypass of nutrients from the proximal part of the small intestine (e.g. by RYGB), where GIP-secreting K cells reside in the highest numbers, would be thought to result in reduced GIP responses following ingestion of nutrients (Fig. 1) . This is supported by the finding that blunted postprandial GIP secretion is associated with RYGB as opposed to normal GIP secretion following LAGB [36] , and that obese patients with type 2 diabetes undergoing RYGB experience significant postoperative reductions in GIP levels alongside their resolution of diabetes [45] . Likewise, postprandial GIP levels decrease in obese patients following surgery that involves bypass of the K cell-rich proximal part of the small intestine [36, [46] [47] [48] . However, in other studies GIP responses to oral glucose have been shown to be increased 1 month following RYGB [10, 39] , but this effect did not persist a year postoperatively [49] .
Thus, reduced glucagonotropic GIP signalling may contribute to the restoration of normal glucose tolerance following surgically introduced bypass of the foregut in diabetic patients. Interestingly, GIP has also been implicated in the RYGBinduced resolution of type 2 diabetes via its effects linking consumption of high fat diets and the development of obesity, insulin resistance and type 2 diabetes [50] . As such, GIP could be a possible candidate for the unidentified 'diabetogenic factor' in the foregut hypothesis, as an intestinederived glucagonotropic and obesity-promoting signal.
Summary and conclusion
In addition to the restrictive elements incurred by bariatric surgical procedures (resulting in reduced food intake and weight loss) there is little doubt that the re-routing of nutrients (bypass of the duodenum and the proximal jejunum) brings about significant endocrine changes in the gastrointestinal system that contribute to the glucose-lowering effects of these operations. The hindgut hypothesis states that surgical rerouting of nutrients to the distal part of the small intestine, where GLP-1-secreting L cells are abundant, results in increased GLP-1 secretion and the concomitant glucose-lowering effects of GLP-1; whereas the foregut hypothesis emphasises that surgical bypass of the duodenum and proximal jejunum prevents the release of a putative diabetogenic signal, thereby causing resolution of type 2 diabetes. There is little doubt that increased GLP-1 signalling brings about glucose-lowering effects and since GLP-1 secretion has been shown consistently to be increased following these operations the 'hindgut hypothesis' has more or less become the 'hindgut dogma'. Contrary to this, the putative diabetogenic signal of the foregut hypothesis remains unidentified. It is well known that hyperglucagonaemia contributes to the hyperglycaemia characterising patients with type 2 diabetes, and recent studies from the group of the author suggest glucagon itself may be a candidate for the hitherto unknown diabetogenic signal of the foregut hypothesis. In the present paper it is hypothesised that diabetic hypersecretion of glucagon originates directly and/or indirectly (via glucagonotropic signals, e.g. GIP) from the mucosa of the proximal small intestine upon stimulation with nutrients. Thus, circumvention of the 'foregut' (duodenum and proximal jejunum) incurred by RYGB can be thought to lead to non-release of a diabetogenic signal, part of which may be the glucagonotropic and obesity-promoting intestinal hormone GIP, another part of which may be gut-derived glucagon and/or an unknown gut hormone. This, in combination with increased nutrient delivery to the hindgut and concomitant increased secretion of the insulinotropic and glucagonostatic intestinal hormone GLP-1 (the hindgut hypothesis), might constitute some of the endocrine changes responsible for the impressive proportion of patients being cured of type 2 diabetes following RYGB.
Ongoing studies investigating (1) whether endocrine cells in the mucosa of the RYGB-evaded part of the foregut are able to produce and secrete glucagon, and (2) the exact impact of GIP (and GLP-1 and GLP-2) on glucagon secretion will hopefully bring about a more detailed explanation, but so far there is little doubt that type 2 diabetes has to be regarded not only as a pancreatic disease, but also as a gastrointestinal disease entity.
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